TLR2 plays a central role in the activation of innate immunity in response to Ft, the causative agent of tularemia. We reported previously that Ft LVS elicited strong, dose-dependent NF-B reporter activity in TLR2-expressing human embryo kidney 293 T cells and that Ft LVS-induced murine macrophage proinflammatory cytokine gene and protein expression is TLR2-dependent. We demonstrated further that Ft can signal through TLR2 from within the phagosome and that phagosomal retention of Ft leads to greatly increased expression of a subset of proinflammatory genes. The two adaptor proteins associated with TLR2-mediated signaling are MyD88 and TIRAP. Although MyD88 is absolutely required for the Ft-induced macrophage cytokine response, the requirement for TIRAP can be overcome through retention of Ft within the phagosome. TIRAP-independent signaling was observed whether Ft was retained in the phagosome as a result of bacterial mutation (LVS⌬iglC) or BFA-mediated inhibition of phagosome acidification. The requirement for TIRAP in TLR2 signaling could also be overcome by increasing the concentrations of synthetic bacterial TLR2 agonists. Taken together, these data suggest that prolonging or enhancing the interaction between TLR2 and its agonist overcomes the "bridging" function ascribed previously to TIRAP. J. Leukoc. Biol. 87: 000 -000; 2010.
Introduction
Ft, the etiologic agent of tularemia [1] [2] [3] , is an aerobic, nonspore-forming, Gram-negative coccobaccillus, that replicates in macrophages and other host cells after it escapes from the phagosome [4, 5] . Ft is classified as a Category A agent as a result of its ability to be aerosolized, extremely low infectious dose, and potential to cause severe morbidity and mortality [3] . There is currently no licensed vaccine against tularemia. In the 1930s, a live attenuated Type B strain was used to vaccinate over 50 million people in the former Soviet Union and resulted in a greatly reduced incidence of tularemia in endemic areas [6, 7] . Ft LVS was derived from the original Soviet vaccine, and in 1956, ampules of Ft LVS were transferred to the United States [6, 8] . Although vaccination with Ft LVS has been used to protect against laboratory-acquired tularemia [9] , the Ft LVS strain remains unlicensed in the United States, as the molecular basis for its attenuation is unknown [10] , and Ft LVS confers only partial protection against some forms of WT infections [11, 12] . Although attenuated for humans, Ft LVS is highly virulent in mice by some routes of infection and causes a disease that resembles human tularemia [13] .
The innate immune response provides pathogen-specific recognition that ultimately shapes the adaptive immune response. Germline-encoded host receptors recognize evolutionarily conserved structures that are present in microbes but not in the host [14] . Several structurally related "families" of receptors have been described, e.g., the membrane-anchored TLRs, the cytosolic nucleotide-binding domain, leucine-rich repeat-containing family (or nucleotide-binding oligomerization domain-like receptors), and the cytosolic retinoic acidinducible gene I-like receptors (reviewed in refs. [15, 16] ). We and others [17] [18] [19] [20] [21] have reported previously that TLR2 plays a central role in the recognition of Ft and is required for control of pulmonary Ft infection [22] . We reported recently that Ft signals through TLR2 from within the phagosome [23] and that macrophages infected with LVS⌬iglC, a Ft LVS mutant that fails to escape from the phagosome, display a greatly increased expression of a subset of TLR2-dependent, proinflam-matory genes [23] . However, another subset of TLR2-dependent genes was induced poorly by infection of macrophages with LVS⌬iglC. Expression of this gene subset required both TLR2-dependent signaling and intracytosolic recognition of the bacteria [23] . The intracytosolic "sensor" leading to this additional signaling pathway has yet to be defined.
TLR2-dependent signaling has been associated with two adapter proteins: TIRAP, also called MyD88 adapter-like, and MyD88, which was the first adapter protein found to be essential for TLR-mediated NF-B activation [24] ; TIRAP has been proposed to function as a "bridging" adaptor for MyD88 [25, 26] . TIRAP localizes to the plasma membrane through its interaction with PIP 2 , where it facilitates the interaction of MyD88 with TLR2 or TLR4 upon ligand-mediated activation [25, 26] . Although MyD88 is used by all known TLRs except TLR3, TIRAP functions as a "bridging adaptor" for MyD88 recruitment to TLR2 and TLR4 only (reviewed in refs. [27, 28] ).
The data presented herein demonstrate TIRAP-independent, TLR2-mediated signaling that is achieved by retention of Ft within the phagosome. TLR2-dependent, TIRAP-independent signaling can also be achieved by increasing the concentration of synthetic bacterial TLR2 agonists. These data strongly suggest the possibility that sustained TLR2 engagement by an agonist can overcome the requirement for TIRAP.
MATERIALS AND METHODS

Mice
WT C57BL/6J mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). MyD88
Ϫ/Ϫ and TIRAP Ϫ/Ϫ mice on a C57BL/6 background were a kind gift of Dr. Shuzio Akira (Research Institute for Microbial Diseases, Osaka University, Osaka, Japan) and were bred at the University of Maryland Baltimore (Baltimore, MD, USA) and the University of Massachusetts Medical School (Worcester, MA, USA), respectively. Peritoneal macrophages were isolated from mice after i.p. administration of sterile thioglycollate and cultured as described [18] . Briefly, macrophages were plated in six-well plates (4ϫ10 6 cells/well). After overnight incubation, cells were washed with PBS to remove nonadherent cells and were cultured in RPMI 1640, supplemented with 2% FBS and 2 mM L-glutamine as well as antibiotics when indicated. Treatments were carried out in duplicate. All animal experiments were conducted with institutional approval.
Reagents
BFA (EMD Chemicals, Germany) was dissolved in DMSO (vehicle) and used at a final concentration of 25 nM BFA. The final concentration of DMSO in the tissue-culture media was 0.1%. Cells were treated with DMSO only or BFA 1 h prior to infection of macrophages with Ft. Escherichia coli K235 LPS was prepared by a modification of the method of McIntire et al. [29] using two rounds of hot phenol-water extraction. The synthetic TLR2/1 ligand, Pam3Cys, and the synthetic TLR2/6 ligand, Pam2Cys, were purchased from EMC Microcollections (Germany).
Bacteria
Frozen aliquots of Ft LVS (ATCC 29684) were prepared as described [30] . Ft LVS was grown in Mueller Hinton broth (BD, Franklin Lakes, NJ, USA) supplemented with 1% IsoVitaleX (Becton Dickinson), 0.1% glucose, and Ferric PPi (Sigma-Aldrich, St. Louis, MO, USA). MHA was used as solid culture media [31] [32] [33] [34] . Construction of LVS⌬iglC, a Ft LVS mutant, in which both copies of iglC were deleted, was described previously [23] .
Real-time PCR
Total RNA extraction from macrophage cultures and real-time PCR were carried out as described previously [18] .
Western analysis
After washing cells twice in PBS, whole cell lysates of macrophages were obtained by the addition of lysis buffer (20 mM HEPES, 0.5% Triton X-100, 150 mM NaCl, 10 mM NaF, 1 mM PMSF). Cell lysates were clarified by centrifugation at 4°C for 10 min at 14,000 g. Total protein was boiled for 5 min in Laemmli buffer before being separated by electrophoresis in denaturing 10% SDS-PAGE in Tris/glycine/SDS buffer (25 mM Tris, 250 mM glycine, 0.1% SDS; Bio-Rad, Hercules, CA, USA). Proteins were then electrotransferred onto Immobilon-P transfer membranes (Millipore, Billerica, MA, USA) at 100 V for 1.5 h (4°C). After blocking for 1 h in TBST (20 mM Tris-HCl, 150 mM NaCl, 0.1% Tween 20) containing 5% nonfat milk, membranes were washed three times in TBST and probed overnight at 4°C with anti-ERK, anti-pERK, anti-pAKT, anti-pp65, or anti-pp38 (Cell Signaling Technology, Danvers, MA, USA), according to the manufacturer's instructions. Blots were washed three times with TBST before being incubated with appropriate HRP-conjugated secondary antibody (Jackson Immunochemicals, West Grove, PA, USA). Blots were developed following incubation in ECL Plus Western blotting detection reagent (Cell Signaling Technology).
Peritoneal macrophage intracellular bacteria assay
Intracellular survival of Ft LVS was evaluated in thioglycollate-elicited peritoneal macrophages. Cells were infected with Ft LVS at a MOI of ϳ40 for 2 h. After washing twice with PBS, infected cells were incubated for 45 min in media containing 50 g/ml gentamicin (Sigma-Aldrich) to kill extracellular bacteria. Cells were washed twice with PBS and then incubated with medium. The time of the addition of the bacteria was defined as the zero time-point. At the indicated time-points, cells were washed twice with PBS prior to being lysed in 1 ml ice-cold 0.02% SDS (Teknova, Hollister, CA, USA) in PBS. Two to four replicates were examined at each time-point. Lysates were serially diluted and plated on MHA plates.
RESULTS
Infection of macrophages with LVS⌬iglC leads to prolonged activation of downstream signaling intermediates
We showed previously that Ft-induced macrophage proinflammatory gene expression was wholly TLR2-dependent [17, 18] , and using confocal microscopy, we demonstrated that phagosomal Ft LVS colocalized with TLR2 and MyD88 [17] . This suggested that Ft LVS was capable of intraphagosomal TLR2-mediated signaling. To confirm and extend this observation, primary peritoneal macrophages were infected with LVS⌬iglC, a Ft LVS mutant that is retained within the phagosome [35, 36] . We hypothesized that if Ft LVS were capable of signaling from within the phagosome, retention of Ft in the phagosome would lead to greatly increased expression of TLR2-dependent, proinflammatory genes. Indeed, infection of macrophages with LVS⌬iglC led to greatly increased expression of a subset of TLR2-dependent, proinflammatory genes [23] but sharply blunted expression of some TLR2-dependent genes whose expression also depends on activation of cytosolic pathways [23, 37, 38] . Figure 1A extends these findings by showing that phosphorylation of ERK-1/2, AKT, p65, and p38 was prolonged and/or enhanced in macrophages infected with LVS⌬iglC compared with macrophages infected with WT Ft LVS. Thus, phagosomal retention of Ft leads to prolonged TLR2-mediated activation of these pathways.
To insure that the previously observed, proinflammatory response to LVS⌬iglC was fully TLR2-dependent, TLR2
Ϫ/Ϫ macrophages were infected with LVS⌬iglC. Infection with LVS⌬iglC failed to induce TNF-␣ mRNA (or other proinflammatory genes or their secreted products; data not shown) expression in TLR2 Ϫ/Ϫ macrophages (Fig. 1B) .
Role of TIRAP and MyD88 in Ft LVS-induced TLR2-dependent signaling
The intracellular adaptor proteins, MyD88 and TIRAP, have been shown previously to play central roles in TLR2-mediated signaling (reviewed in ref. [39] ). As TLR2 plays a key role in Ft LVS-induced production of proinflammatory cytokines, we sought to evaluate the roles of TIRAP and MyD88. Macrophages from WT or TIRAP Ϫ/Ϫ mice were infected with WT Ft LVS or LVS⌬iglC (MOIϭ5) for up to 8 h, and TNF-␣ gene expression was measured. In WT macrophages, infection with LVS⌬iglC resulted in enhanced expression of TNF-␣, as we reported previously [23] . Although the lack of TIRAP resulted in greatly mitigated proinflammatory gene expression in response to infection with WT Ft, infection with the LVS⌬iglC mutant led to significant induction of TNF-␣ gene expression in TIRAP Ϫ/Ϫ macrophages (Fig. 1C, upper panel) . A similar pattern of gene expression was observed for the induction of other proinflammatory mediators including IL-␤ (Fig. 1C, lower panel) and cyclooxygenase-2 (data not shown). These data indicate that intraphagosomal signaling through TLR2 can proceed in a TIRAP-independent manner. In contrast to TIRAP Ϫ/Ϫ macrophages, proinflammatory gene expression was abrogated completely in macrophages derived from MyD88 Ϫ/Ϫ mice, regardless of whether they were infected with WT Ft or LVS⌬iglC (Fig. 1C) . This indicates that the requirement for MyD88 is absolute, as the lack of this adaptor molecule could not be overcome by retention of Ft within the phagosome.
Uptake of Ft LVS by macrophages is not dependent on MyD88
Blander and Medzhitov [40] reported previously that bacterial phagocytosis was impaired in MyD88 Ϫ/Ϫ and TLR2 Ϫ/Ϫ ϫ TLR4 Ϫ/Ϫ macrophages. If this were also the case for Ft, then the observed failure of MyD88 Ϫ/Ϫ and TLR2 Ϫ/Ϫ macrophages to signal might be attributable to decreased bacterial uptake. Therefore, Ft LVS uptake by WT and MyD88 Ϫ/Ϫ thioglycollate-elicited peritoneal macrophages was compared. In contrast to the findings of Blander and Medzhitov [40] , macrophage uptake of Ft LVS was not statistically different in WT and MyD88 Ϫ/Ϫ macrophages at 165 min (Pϭ0.154) or 345 min (Pϭ0.216) postinfection (Fig. 2) . These data support an earlier report that WT and MyD88 Ϫ/Ϫ bone marrow-derived macrophages exhibit comparable Ft LVS uptake and intracellular replication [41] and that no difference exists in the kinetics of Ft uptake by TLR2 Ϫ/Ϫ and TLR2
ϩ/ϩ bone marrow-derived macrophages [22] . Taken together, these data indicate that the lack of a Ft-induced cytokine response in the MyD88 Ϫ/Ϫ and TLR2 Ϫ/Ϫ macrophages results from a signaling failure, rather than a defect in bacterial uptake.
Inhibition of phagosome acidification by BFA increases the macrophage proinflammatory response to WT Ft LVS and overcomes the requirement for TIRAP
A recent paper by Santic et al. [42] reported that inhibition of phagosome acidification by BFA blocks rapid escape of Ft subsp. novicida from the phagosome into the cytosol. The authors concluded that transient phagosome acidification is essential for Ft escape into the cytosol. We therefore hypothesized that inhibition of phagosome acidification by BFA would mimic the effect of the ⌬iglC mutation and preclude the organisms from escaping from the phagosome into the cytosol, thereby enabling a TLR2-dependent, TIRAP-independent macrophage proinflammatory response by WT Ft LVS. To test this hypothesis, macrophages derived from WT, TIRAP Ϫ/Ϫ , or MyD88 Ϫ/Ϫ mice were pretreated with the vehicle, DMSO, or BFA for 1 h prior to infection with WT Ft (MOIϭ5). Compared with cells pretreated with vehicle only, macrophage pretreatment with BFA increased Ft-induced TNF-␣ mRNA dramatically in WT and TIRAP Ϫ/Ϫ macrophages (Fig. 3) , and these results were similar to that observed upon infection of macrophages with LVS⌬iglC. Although DMSO pretreatment of macrophages had no impact on Ft-induced IFN-␤ mRNA, pretreatment of macrophages with BFA completely inhibited Ftinduced macrophage expression of IFN-␤ mRNA in WT macrophages (data not shown). As phagosomal escape is required for Ft-induced macrophage production of IFN-␤ [23] , this finding confirms that BFA pretreatment precludes bacterial escape from the phagosome into the cytosol. Importantly, BFA alone did not enhance macrophage expression of TNF-␣ significantly. Similar to the results shown in Figure 1C , BFA pretreatment did not enable Ft LVS-induced TNF-␣ mRNA expression in MyD88 Ϫ/Ϫ macrophages (Fig. 3) . This finding confirms that the requirement for MyD88 is absolute and cannot be overcome through bacterial retention in the phagosome.
In an early study by Yamamoto et al. [25] , the role of TIRAP in TLR2 signaling was established by exposing peritoneal macrophages from WT and TIRAP Ϫ/Ϫ mice to 3-30 ng/ml of the TLR2 agonist, MALP-2 [25] . Although macrophages from WT mice displayed dose-dependent production of IL-6, TNF-␣, and IL-12 in response to MALP-2, macrophages from TIRAP Ϫ/Ϫ mice exhibited greatly impaired MALP-2-induced cytokine production [25] . As our Ft results indicated that increasing the interaction between Ft and TLR2 through retention in the phagosome overcomes the requirement for TIRAP, we sought to examine the effect that exposing peritoneal macrophages to high concentrations of the synthetic bacterial TLR2 agonists Pam2Cys and Pam3Cys would have on the requirement for TIRAP. In the case of both synthetic agonists, increasing their concentration eliminated the requirement for TIRAP for TNF-␣ secretion (Fig. 4) . These data confirm and extend the findings of Santos-Sierra et al. [43] , who reported recently that the requirement for TIRAP was eliminated at higher concentrations of Pam3Cys, and Kenny et al. [44] , who demonstrated that TIRAP was not required for IL-6 induction or NF-B activation at high concentrations of Pam 3 Cys or MALP-2. In contrast, TLR4-mediated, MyD88-dependent signaling is fully TIRAP-dependent, and this requirement could not be overcome by increasing the concentration of E. coli LPS (Fig. 4) . Thus, TIRAP is required for TLR2-mediated signaling, only when the concentration of the TLR2 ligand is low. Moreover, this concentration-dependent effect occurred whether TLR2 formed a heterodimer with TLR1 (Pam3Cys) or TLR6 (Pam2Cys).
DISCUSSION
Signaling adaptor proteins, MyD88 and TIRAP, have been shown previously to play central roles in TLR2-mediated signaling (reviewed in ref. [39] ). TIRAP associates with the plasma membrane through PIP 2 and has been proposed to serve as a bridging adaptor that recruits MyD88 to the growing TLR2 or TLR4 receptor complex (reviewed in refs. [27, 28] ). To assess the roles of these adapters in the innate immune response to Ft, we infected WT, TIRAP Ϫ/Ϫ , and MyD88
Ϫ/Ϫ macrophages with WT Ft LVS and LVS⌬iglC. Neither strain induced proinflammatory gene expression in MyD88 Ϫ/Ϫ macrophages, indicating an absolute reliance on MyD88 for Ftdependent signaling. In contrast, although WT Ft LVS induced little TLR2-dependent, proinflammtory gene expression in TIRAP Ϫ/Ϫ macrophages, infection with LVS⌬iglC, a mutant that is retained in the phagosome, induced strong proinflammatory gene expression (Fig. 1C) . This suggested that prolonging or enhancing the contact between an agonist and TLR2 could overcome the requirement for TIRAP in TLR2 signaling.
There are other possible explanations for the MyD88-dependent, TIRAP-independent macrophage proinflammatory signaling observed after LVS⌬iglC infection. One possible explanation is that when the Ft is retained within the phagosome, the bacteria are able to engage a receptor other than TLR2, which is MyD88-dependent but TIRAP-independent. Although MyD88 is used by all known TLRs except TLR3, TIRAP functions as a bridging adaptor for TLR2 and TLR4 only (reviewed in refs. [27, 28] ). It was shown recently that TLR7-mediated recognition of group B streptococcus occurs within phagolysosomes of conventional dendritic cells and leads to production of IFN-␤ [45] . When we first identified TLR2 as essential for Ft-mediated signaling, we found that human embryo kidney 293 T cells expressing TLR2, but not other TLRs, responded [18] . Nevertheless, to exclude the role of other receptors in Ft-induced intraphagosomal signaling, we infected TLR2 Ϫ/Ϫ macrophages with LVS⌬iglC. The lack of TLR2 eliminated macrophage proinflammatory gene expression indicating that LVS⌬iglC-induced cytokine production was entirely TLR2-dependent. It is also possible that IL-1 or IL-18 acts in an autocrine manner to drive the observed increase in MyD88-dependent, proinflammatory gene expression. Although we have shown previously that the level of IL-1 mRNA is increased greatly by retention of Ft within the phagosome, no secreted protein could be detected [23] . Processing of IL-1 and IL-18 into mature, secreted proteins is dependent on the activation of the inflammasome, which in turn, recruits and activates caspase-1 [46 -49] . Thus, it is unlikely that the observed MyD88-dependent increase in the proinflammatory response induced by the LVS⌬iglC mutant or by WT Ft after BFA pretreatment of macrophages is a result of autocrine action of IL-1 or IL-18, since IFN-␤ and therefore, active IL-1␤ are not produced in response to infection with phagosomally retained bacteria [23] .
Blander and Medzhitov [40] reported previously that bacterial phagocytosis was impaired in MyD88 Ϫ/Ϫ and TLR2 Ϫ/Ϫ ϫ TLR4 Ϫ/Ϫ macrophages. However, in contrast to these findings, uptake of Ft LVS by MyD88 Ϫ/Ϫ (Fig. 2) and TLR2 Ϫ/Ϫ
[22] macrophages was not impaired. Although we do not at this time understand why uptake of Ft is MyD88-independent, this finding is important, since it excludes the possibility that impaired signaling seen in the MyD88 Ϫ/Ϫ macrophages is the consequence of impaired bacterial uptake.
Santic et al. [42] reported recently that inhibition of phagosome acidification by BFA blocks rapid escape of Ft subsp. novicida from the phagosome into the cytosol. This finding offered an alternate approach for examining bacterial retention within the phagsome distinct from bacterial mutation. Compared with cells pretreated with the vehicle only, pretreatment with BFA increased Ft-induced TNF-␣ mRNA dramatically in WT and TIRAP Ϫ/Ϫ macrophages (Fig. 3) . BFA treatment induced a cytokine response to WT Ft LVS, which was similar to that seen after infection of WT and TIRAP Ϫ/Ϫ macrophages with LVS⌬iglC; while BFA-treated cells responded to WT Ft LVS with increased signaling, BFA pretreatment failed to overcome the requirement for MyD88 for Ft LVS-induced proinflammatory gene expression. Thus, retention of the bacteria in the phagosome, achieved by deletion of the iglC genes or pretreatment with an agent that blocks acidification of the phagosome, enhances TLR2-dependent gene expression, possibly by sustaining the interaction of Ft with TLR2, even in TIRAP-deficient cells. Therefore, our data support the hypothesis that prolongation of the interaction between TLR2 and its Ft agonist in the phagosome overcomes the requirement for TIRAP in TLR2-dependent signaling by creating signaling "platforms" that are permissive for MyD88 recruitment without the bridging function normally ascribed to TIRAP.
Finally, we reasoned that increasing the concentration of synthetic TLR2 agonists might similarly increase or sustain the period over which TLR2 was engaged. Similar to a previous report [25] , lower concentrations of Pam2Cys and Pam3Cys induced TNF-␣ secretion, which was entirely TIRAP-dependent; however, at higher concentrations of synthetic ligands, TNF-␣ secretion was equivalent in WT and TIRAP Ϫ/Ϫ macrophages. These observations indicate that for the TLR2/1 or TLR2/6 dimers, TIRAP independence can be achieved by increasing the concentration of ligand and imply that the interaction of MyD88 with TLR2 can be achieved even without facilitation by TIRAP. In contrast, LPS signaling through TLR4 was TIRAP-dependent at all concentrations tested. This suggests that in the absence of TIRAP, TLR4 is unable to recruit MyD88, and the bridging function ascribed to TIRAP previously, although dispensable at higher ligand concentrations for TLR2, is essential for TLR4-mediated signaling. Our findings also support previous studies that suggest that MyD88 interacts through different protein TIR domain surfaces with TLR2 and TLR4 [50 -52] .
In conclusion, this study provides new insights into the roles that TIRAP and MyD88 play in the macrophage response to the intracellular pathogen Ft LVS and synthetic bacterial agonists. Low concentrations of Pam2Cys and Pam3Cys, as well as WT Ft LVS (that escapes rapidly from the phagolysosome into the cytosol), require TIRAP and MyD88 for induction of macrophage proinflammatory gene expression. However, high concentrations of synthetic TLR2 agonists or retention of Ft LVS in the phagosome restored proinflammatory signaling in TIRAP Ϫ/Ϫ macrophages. The requirement for MyD88 was absolute and could not be overcome by retention of the bacteria in the phagosome. These findings suggest that under conditions that favor prolonged or enhanced interaction of TLR2 and its agonist, MyD88 recruitment occurs in the absence of TIRAP.
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